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Growth and properties of new III–V diluted magnetic
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Abstract

III–V diluted magnetic semiconductor Ga1�xCrxAs was successfully synthesized by low-temperature molecular beam

epitaxy. High-quality twin-free films were grown with Cr concentrations up to x ¼ 0:05 under an As4/Ga beam flux
ratioB40. The films showed local ferromagnetic ordering at To30K. With higher Cr concentrations or lower As4/Ga
beam flux ratios, the film quality degraded. r 2002 Elsevier Science B.V. All rights reserved.
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Recent advances in molecular-beam epitaxy
growth techniques have allowed synthesizing of
Mn-based III–V ferromagnetic diluted magnetic
semiconductors (DMS) with relatively high Curie
temperature (110K) [1,2]. It is known that a
variety of the transition metal ions, Cr, Mn, Fe,
Co, and Ni, are incorporated in II–VI DMS
systems [3,4]. On the contrary, the transition metal
ion in III–V DMS has been limited to Mn ion.
Recently, we have succeeded in synthesizing Cr-
based III–V DMS, Ga1�xCrxAs [5]. This new
DMS shows a strong interaction between the host
sp-carriers and the d-electrons of Cr ions. Local
magnetic ordering was observed below 30K. Here,
we report conditions to grow high quality

Ga1�xCrxAs films on GaAs substrates. We found
that the magnetic properties of Ga1�xCrxAs
sensitively depend on the growth conditions.
Ga1�xCrxAs films were grown by a low-tem-

perature molecular beam epitaxy on GaAs (0 0 1)
substrate at Ts ¼ 2501C: After removal of the
oxide layer from GaAs substrate under As flux at
Ts ¼ 6101C; a 20-nm thick GaAs buffer layer was
grown at Ts ¼ 5801C: Then the substrate tempera-
ture was lowered to 2501C. The reflection high-
energy electron diffraction (RHEED) showed a
(2� 4) reconstruction of GaAs surface. Immedi-
ately after Ga1�xCrxAs growth was started, the
RHEED pattern changed into (1� 1). The surface
of the 400-nm thick Ga1�xCrxAs showed different
RHEED patterns for different growth conditions.
A streaky-line RHEED pattern was observed for
films with low Cr concentration, xo0:08; and high
As4/Ga beam-flux ratio (BFR) >20. Higher Cr
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concentration and/or lower As4/Ga BFR resulted
in dotty-line or spotty RHEED patterns.
The Ga1�xAsxAs films were characterized by

electron probe microanalysis (EPMA), X-ray
diffraction, magnetic circular dichroism (MCD)
and magnetization measurements. Cr concentra-
tion x was determined by EPMA measurements of
films grown on sapphire substrates, which were
simultaneously grown with films on GaAs sub-
strates.
High-resolution triple-axis X-ray diffraction was

used to characterize Ga1�xCrxAs films. Fig. 1(a)
shows a rocking curve for a sample with x ¼ 0:06
and As4/Ga BFR=40. A narrow peak corre-
sponding to (0 0 4) reflection from zinc-blend
Ga1�xCrxAs is observed near the (0 0 4) peak of
GaAs. Many interference fringes are seen, indicat-
ing smooth surface of Ga1�xCrxAs. Fig. 1(b)

shows a rocking curve for a sample with x ¼
0:16 and As4/Ga BFR=30, which showed a spotty
RHEED pattern. Only scattering-like signal is seen
on the left side of the GaAs (0 0 4) peak.
Fig. 2 shows the lattice mismatch between

Ga1�xCrxAs and GaAs as a function of Cr
concentration. To avoid ambiguity due to strain,
the data were obtained from measurements of
reciprocal mapping in the vicinity of (1 1 5) and
(0 0 4) reflections. The lattice constant of Ga1�xCr-

xAs slightly increases with increasing Cr concen-
tration and significantly decreases with increasing
As4/Ga BFR. The latter dependence is opposite to
that of low-temperature grown GaAs (LT GaAs),
of which lattice constant increases with increasing
As4/Ga BFR due to increasing density of As-
antisites [6,7].
To examine crystal quality of the films, the twin

density was estimated using a high-intensity low-
resolution X-ray measurement setup equipped
with a pinhole collimator and a graphite mono-
chromator. The low resolution does not allow
distinguishing between diffraction peaks of GaAs
and Ga1�xCrxAs. The diffracted beam intensity
was measured as a function of the angle between
diffraction plane and the film normal (c) and the
angle of sample rotation about its surface normal
(p), while an angle between source and detector
was fixed for GaAs (1 1 1) reflection. Fig. 3(a)
shows a pole figure of the Ga1�xCrxAs sample
with x ¼ 0:05 and As4/Ga BFR=40. Four peaks
at c ¼ 54:71 correspond to a (0 0 1) orientation of
GaAs and Ga1�xCrxAs. The sample is free from
twins. Fig. 3(b) shows a pole figure of the

65.8 66.0 66.2

x=0.06

As
4
/Ga=40

X
-r

ay
 I

n
te

n
si

ty
 (

ar
b
.u

n
.)

65.8 66.0 66.2

x=0.16

As
4
/Ga=30

X
-r

ay
 I

n
te

n
si

ty
 (

ar
b
.u

n
.)

2 θ  (deg.)

GaAs

GaCrAs

GaAs

(a)

(b)

Fig. 1. X-ray diffraction y� 2y scan data around (0 0 4)

reflection for Ga1�xCrxAs film grown on GaAs substrate.
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Fig. 2. Lattice mismatch of Ga1�xCrxAs with GaAs.

W. Zaets et al. / Journal of Crystal Growth 237–239 (2002) 1339–13431340



Ga1�xCrxAs sample with x ¼ 0:15 and As4/Ga
BFR=15. Four additional peaks are seen at c ¼
15:81; which correspond to diffraction from twins.
While diffractions from both GaAs and Ga1�xCr-

xAs contribute to the peak intensity at c ¼ 54:71;
only diffraction from twins in Ga1�xCrxAs film
contributes to the peak intensity at c ¼ 15:81: This
makes difficult to estimate the density of twins in
Ga1�xCrxAs films. With this ambiguity in mind,
the twin density was estimated roughly as the ratio
of the peak intensities at c ¼ 15:81 to the peak
intensities at c ¼ 54:7 which is a function of the Cr
concentration (Fig. 4). The twin density increases
with increasing Cr concentration and with decreas-
ing As4/Ga BFR. For xo0:05 and As4/Ga
BFR>40 the Ga1�xCrxAs is twin-free. For x >
0:13 and/or As4/Ga BFRo20, the twin density
sharply increases.
Enhancement of the MCD intensity at critical

points (CP) of the zinc-blend type band structure
was observed for Ga1�xCrxAs films with xo0:08
[5]. This enhancement reflects a strong sp–d mixing
of valence electrons with Cr d-electrons, which is
characteristic for DMS [4]. Such MCD enhance-
ment was not observed for films grown at higher
Cr concentration and/or lower As4/Ga BFR.
Magnetization was measured using a super-

conducting quantum interface device (SQUID)
magnetometer. Fig. 5 shows temperature depen-
dence of inverse susceptibility w�1 of Ga1�xCrxAs
with x ¼ 0:05 and As4/Ga BFR=60 [5]. For
temperature higher than 30K, the temperature
dependence of susceptibility w obeys Curie–Weiss
law, from which Cr effective magnetic moment

Meff ¼ ð4:770:2ÞmB and paramagnetic Curie tem-
perature yp ¼ ð13:070:4ÞK were derived. This
indicates that the dominant magnetic interaction
between Cr atoms is ferromagnetic. Fig. 6 shows
effective magnetic moment (Meff ) of Cr vs. Cr
concentration. The magnetic moments of Cr2+,
Cr3+ and Cr4+ ions are also shown. For xo0:05;
Meff is close to that of Cr

2+, suggesting that Cr
atoms are in Cr2+ state and they act as acceptors
in Ga1�xCrxAs. With increasing Cr concentration
Meff decreases.
At temperature lower than 30K, the magnetic

field dependence of the magnetization indicated an
existence of ferromagnetic spin clusters in
Ga1�xCrxAs. Analysis using Brilouin function
showed that the value of an effective spin is

Fig. 3. Stenographic projections of X-ray pole figure results for

(1 1 1) diffraction. Diffraction from both Ga1�xCrxAs film and

GaAs substrate and buffer-layer contributes to the signals.
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Fig. 4. Twin density in Ga1�xCrxAs film. Films with xo0:05
and As4/Ga BFR>40 are twin-free.
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Fig. 5. Temperature dependence of inverse susceptibility w�1 of
Ga1�xCrxAs with x ¼ 0:05 and As4/Ga BFR=60.
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20–50. Details of MCD and magnetic measure-
ments are reported elsewhere [5].
As shown above, the properties of Ga1�xCrxAs

films strongly depend on both Cr concentration
and As4/Ga BFR. For samples with Cr concentra-
tion less than 0.05 and rather high As4/Ga
BFR>40, the films have good crystal quality
(streaky RHEED pattern, narrow X-ray diffrac-
tion peak, interference fringes in rocking curve, no
twins, and MCD enhancement). Lattice constant
of Ga1�xCrxAs is close to that of low temperature-
(LT) GaAs grown at the same As4/Ga BFR [6,7]
and is weakly dependent on Cr concentration. The
expansion of lattice as compared with GaAs can
be mainly attributed to the As-antisite defects as in
the case of LT-GaAs.
With increasing Cr concentration or decreasing

As4/Ga BFR, the film quality degrades. Twin
density increases and the lattice expands implying
that another type of point defects appears in
addition to the As-antisites. At the same time, Cr
effective magnetic moment decreases. Two alter-
native explanations of these facts can be given. The
first one is that the valence state of a Cr ion
changes from 2+ to 3+ and further to 4+. The
increase of the number of Cr2+ (increase of
acceptor density) and the decrease of As4/Ga
BFR (decrease of donor density) lower the Fermi
level, which decreases the formation energy for
spontaneously formed donors and increases the
probability for the Cr atom to have 3+ and 4+

valences. This tendency is know in semiconductors
as the ‘‘doping pinning role’’ [8,9]. Another
explanation is the formation of Cr precipitations
or some non-magnetic compounds inside GaAs
matrix. The data on the appearance of point
defects in Ga1�xCrxAs support the second expla-
nation. Samples with high Cr concentration, which
showed only one peak corresponding to pure
GaAs in the X-ray rocking curving (Fig. 1(b)), had
high density of twins, which does not exist in GaAs
substrate and buffer layers. These correspondences
imply that the lattice constant of these samples is
exactly the same as that of GaAs. It can be the case
for the phase segregation between GaAs and Cr
(Cr-compound). This also supports the second
explanation. The formation of Cr precipitations
most probably occurs during growth. As shown in
Ref. [10], even at Ts ¼ 60K the Cr atoms are very
mobile on the GaAs surface and rapidly form
clusters. Since the bonding energy of Cr–Cr is
large 142 kJ/mol (for example, Mn–Mn bonding
energy is only 25 kJ/mol), these clusters are stable
on the surface. We did not succeed in finding any
X-ray diffraction peak for Cr or any CrAs
compound. That corresponds with the results of
Ref. [10,11], which showed that the Cr clusters
orient randomly on GaAs surface and CrAs
compounds nucleate only at Cr clusters with
random orientation. For MBE growth of III–V
compound, the probability of clustering of III-
group material lowers with increase of V-group/III
group material flux ratio [12]. It is in good
accordance with present results, where the highest
quality Ga1�xCrxAs films were grown at high As4
flux.
In conclusion, we successfully synthesized III–V

DMS Ga1�xCrxAs. High-quality twin-free films
were epitaxially grown with Cr concentration up
to x ¼ 0:05: For growth of high-quality Ga1�xCr-

xAs films, the high As4/Ga beam flux ratio >40 is
required. The films showed local ferromagnetic
ordering at To30K. With higher Cr concentra-
tion and/or lower As4/Ga beam flux ratio, the film
quality degraded and effective magnetic moment
of Cr decreased.
The authors gratefully thank Dr. P. Fons for his

useful advice on X-ray measurements and inter-
pretations.

0.00 0.05 0.10 0.15

3

4

5

µ
B

Cr
4+

Cr
3+

Cr
2+

 As
4
/Ga=25

 As
4
/Ga=40

 As
4
/Ga=60

C
r  
  

ef
fe

ct
iv

e 
m

a
g

n
et

ic
 m

o
m

e
n
t 

C r concentration, x 

Fig. 6. Cr effective magnetic moment obtained by fitting the

temperature dependence of inverse susceptibility w�1 with
Curie–Weiss law. Magnetic moments of Cr2+, Cr3+ and

Cr4+ ions are shown.
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