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Magnetic interactions and transport in „Ga,Cr…As
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The magnetic, transport, and structural properties of~Ga,Cr!As are reported. Zincblende Ga12xCrxAs was
grown by low-temperature molecular-beam epitaxy. At low concentrations,x;0.1, the materials exhibit un-
usual magnetic properties associated with the random magnetism of the alloy. At low temperatures the mag-
netizationM (B) increases rapidly with increasing field due to the alignment offerromagneticunits ~polarons
or clusters! having large dipole moments of order 10–102mB . A standard model of superparamagnetism is
inadequate for describing both the field and temperature dependence of the magnetizationM (B,T). In order to
explain M (B) at low temperatures we employ adistributed magnetic-momentmodel in which polarons or
clusters of ions have a distribution of moments. It is also found that the magnetic susceptibility increases for
decreasing temperature but saturates belowT54 K. The inverse susceptibility follows a linear-T Curie-Weiss
law and extrapolates to a magnetic transition temperatureu510 K. In magnetotransport measurements, a
room-temperature resistivity ofr50.1V cm and a hole concentration of;1020 cm23 are found, indicating
that Cr can also act as an acceptor similar to Mn. The resistivity increases rapidly for decreasing temperature
below room temperature, and becomes strongly insulating at low temperatures. The conductivity follows
exp@2(T1 /T)1/2# over a large range of conductivity, possible evidence of tunneling between polarons or
clusters.

DOI: 10.1103/PhysRevB.67.115204 PACS number~s!: 75.50.Pp, 73.61.Ey, 72.15.Rn
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I. INTRODUCTION

Utilizing the spin property of electrons is expected to a
another dimension to conventional electronics which re
only on the charge property of electrons. The emerging fi
of spin electronics1–3 has been ushered in by the promise
several spin-transport devices. These include:~i! sensitive
magnetic-field sensors useful for reading magnetically sto
information, based on the giant magnetoresistance~GMR!
effect;4,5 ~ii ! spin valves based on the magnetic tunnel ju
tion ~MTJ!;6,7 ~iii ! the spin-field effect transistor~spin-FET!;8

and ~iv! magnetic random access memories~MRAM ! utiliz-
ing GMR or MTJ.

Even prior to these spin devices, there has been cons
able research aimed at synthesizing new ferromagnetic
terials which are compatible with conventional semicond
tors and semiconductor processing. Magnetic se
conductors have been actively researched for nearly ha
century, beginning with europium chalcoginides~e.g., EuX,
X5S, Se, Te!.9,10 This was followed in the 1980’s by II-VI
diluted magnetic semiconductors @e.g., ~Cd,Mn!Te,
~Zn,Mn!Se#,11,12 then recently III-V ferromagnetic semicon
ductors @e.g., ~In,Mn!As and ~Ga,Mn!As#.13–15 Although
Ga12xMnxAs possesses robust ferromagnetism for man
nese concentrations nearx50.05, it is only ferromagnetic
belowTc<110.14,16,17More recently there have been repo
of higher-temperature ferromagnetic semiconductors, inc
ing hexaborides (Ca,La)B6,18 phosphides (Cd,Mn,Ge)P2,19

oxides (Ti,Co)O2 ~Ref. 20! and ~Zn,V,Co!O,21 nitrides
~Ga,Mn!N,22,23 and antimonides~Ga,Mn!Sb.24 In addition,
using chromium points to high transition temperatures
III-V materials25,26 and II-VI materials.27 Furthermore, cal-
culations indicate strong ferromagnetism in~Ga,Cr!As,28 and
the zincblende forms of CrAs,29 and MnAs.30

GaAs doped with Cr was the focus of research a dec
0163-1829/2003/67~11!/115204~7!/$20.00 67 1152
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ago, because the addition of Cr makes GaAs semi-insula
for use in electronic applications.31 Similar to Fe doping, Cr
in GaAs acts as a deep acceptor which compensates n
donors making the material highly resistive. GaAs:Cr a
possesses photoconduction,32 the photorefractive effect,33

and optically induced change in the Cr valence state.34 The
magnetic properties of~Ga,Cr!As alloys containing substan
tial concentrations of Cr are now being explored. This ste
from the ability to grow GaAs with transition metals usin
low-temperature molecular-beam epitaxy~MBE!.16 The first
study of ~Ga,Cr!As alloys revealed superparamagnetic b
havior for x50.03.35 Results have also been reported f
~Ga,Cr!As with x50.11,26 and CrAs.36 The present study is
aimed at investigating the properties of Ga12xCrxAs with a
Cr concentration ofx50.10.

Magnetic, transport, and structural studies were carr
out on samples of Ga12xCrxAs with x50.1 grown by low-
temperature MBE. Magnetic properties were investigated
ing a superconducting quantum interference device~SQUID!
magnetometer in magnetic fields up to 5 T and temperatu
T52 to 300 K. The magnetizationM (B) at low tempera-
tures increases much faster for increasingB than expected
for single magnetic ions. This behavior is evidence offerro-
magneticcoupling between magnetic ions. However, the
are many features which cannot be explained by a sim
model of paramagnetism or superparamagnetism:~1! the
low-field magnetization is nonlinear inB ~field-dependent
susceptibility!; ~2! the magnetization deviates strongly fro
1/T behavior at low temperatures; and~3! the magnetization
requires a cluster model having a wide distribution of clus
or polaron magnetic-moments. Although all of the magne
characteristics cannot be explained by a single model, s
features can be described by adistributedmagnetic moment
~DMM ! model having a large distribution of magnet
moments.
©2003 The American Physical Society04-1
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Transport measurements show mild conductivity at ro
temperature, wherer;0.1V cm, and strong insulating be
havior at low temperatures. Near room temperature, the c
ductivity is activated and Hall measurements yield a h
concentration>1020 cm23. This indicates that Cr also act
as a deep acceptor similar to shallower Mn. It is remarka
that the conductivity follows exp@2(T1 /T)1/2# over 8 orders
of magnitude change ins, implying a hopping mechanism
at lower temperatures. X-ray diffraction scans exhi
a zincblende structure having a larger lattice const
than GaAs.

II. EXPERIMENTAL CONDITIONS

~Ga,Cr!As layers were grown on epiready~100!-oriented
GaAs substrates by low-temperature MBE using solid sou
elements. Effusion cell temperatures were 980 °C for
275 °C for As, and 940 °C for Cr. The Cr-to-Ga flux rat
was monitored by a quartz crystal thickness monitor, and
As-to-Ga flux ratio was set to approximately 15 by monito
ing the flux with a nude ion gauge. After thermally removin
the surface oxide from the substrate at 630 °C for 10–20
in As flux, a 100-nm thick layer of a high-temperature Ga
was grown at 580 °C, followed by a 100 nm layer of low
temperature GaAs grown at 220 °C, then the 200 nm th
layer ~Ga,Cr!As was deposited at 220 °C at a rate of 0
nm/s. Chromium has higher diffusion than Mn in GaAs,
quiring lower substrate temperatures around 180–220 °C
stead of 250 °C typically used to grow~Ga,Mn!As. Cr con-
centrations were determined by Auger electron spectrosc
and x-ray photoelectron spectroscopy~XPS!. Magnetization
measurements were performed in a variable temperature
SQUID magnetometer. Plots of the magnetization data w
obtained after subtracting the diamagnetism of the subst
which wasxsub52(2.1960.01)31027 emu/gG. Four-wire
conductivity measurements were made on a standard
bar geometry sample, approximately 439 mm in size,
placed in a closed cycle cryostat operating betweenT54 and
300 K. Because of the high sample resistivity at low te
peratures, the dc current was measured while holding
voltage at 1 V. Hall measurements were made in the cryo
which was placed in a cryogen-free 14 T superconduc
magnet having a 52-mm diameter room-temperature bor

III. RESULTS AND DISCUSSION

A. Field-dependent and temperature-dependent magnetization

The field dependence of the magnetizationM (B) is
shown in Fig. 1 for temperatures ranging fromT52 to 30 K
and fields up toB55 T. At low temperaturesM (B) ap-
proaches saturation after several tesla. The increase ofM (B)
in Fig. 1 for increasingB is much faster than a paramagne
response. The dashed curve is a Brillouin function forT
52 K, representing the response of single (S52,g52) ions.
At low fields, the experimental data forT52 K is many
times larger than the Brillouin function. From this data it
possible to rule out a majority paramagnetism, but it is d
ficult to tell whetherM (B) is attributed to ferromagnetic o
to superparamagnetic response. The additional magnetis
11520
n-
e

le

t
t

e
,

e
-

in

k

-
n-

py

T
re
te,

all

-
e

at
g

-

at

low fields suggests that the field is aligninggroupsof mag-
netic ions rather than single ions. This behavior is a cl
evidence offerromagneticinteraction between Cr ion mo
ments. The interaction couples many ions into ferromagn
groups of ions having a large dipole moment which is ma
times that of a single ion. Groups of ions in so-called sup
paramagnets are typically much smaller in size than dom
in ferromagnets and lack their domain wall effects. The m
netization of individual superparamagnetic blocks have
Langevin function responseL(mB/kT). It was found that the
presentM (B/T) data at various temperatures do not sc
with B/T. This behavior was also observed in a sample w
x50.03, for whichM was plotted as a function ofB/T, and
the M (B/T) data at various temperatures did not reduce t
single curve.35 We conclude that the behavior ofM (B,T) is
not that of a simple paramagnet or superparamagnet.

Near B55 T, the average magnetic dipole moment p
ion is found to bep5^m&/mB51.4. This is a factor of 2 to 3
smaller than expected if all the ions are aligned. In that ca
p53 or 4, for Cr31(S53/2,g52) or Cr21(S52,g52), re-
spectively. The remainder of the magnetization presuma
requires much higher fields to saturate. The Cr ions giv
rise to the missing magnetization probably exist in a sec
phase. Although the RHEED and x-ray diffraction results d
not show any appreciable crystal phases other than
zincblende structure, second phases cannot be ruled out
other possibility is that those ions have a different electro
structure resulting in neither paramagnetic nor ferromagn
response to the applied field. Other reported magnetic m
surements of~Ga,Cr!As also find reduced values ofp. Values
range fromp52.7 for x50.009,37 to p52.1 for x50.034,35

and p51.0 for x50.11.26 This trend of decreasingp for

FIG. 1. Magnetization saturation of Ga12xCrxAs, x50.095. The
magnetizationM (B) is plotted as a function of applied magnet
field B for various temperatures fromT52 ~top curve! to 30 K
~bottom curve!. The field was applied parallel to the epitaxial lay
and the substrate diamagnetism has been subtracted. The d
curve is a Brillouin function forS52, g52, andT52 K.
4-2
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MAGNETIC INTERACTIONS AND TRANSPORT IN~Ga,Cr!As PHYSICAL REVIEW B 67, 115204 ~2003!
increasingx has been observed for a range ofx up to x
50.065, where it appears that the moment falls off appro
mately asp}1/x.37

Finally, we note that the present samples do not sh
hysteresis in theM (B) measurements for temperatures do
to T51.9 K for either orientation of the magnetic field. Th
contrasts with a previous study of anx50.11 sample which
showed temperature-dependent hysteresis.26 In that study the
remanent field decreased with increasing temperature lea
to a transition temperature ofTc;40 K. Those measure
ments also contained an unexplained temperatureindepen-
dent remanence which was the same magnitude as
temperature-dependent remanence.

B. Modeling of M „B…

The M (B) dependence has a unique behavior and can
be fit to any simple function. Two models are consider
here forM (B): ~i! bound magnetic polaron~BMP! model;
~ii ! distributedmagnetic moment~DMM ! model.

In a BMP one itinerant carrier~electron or hole! is bound
to a charged center and there are a number of magnetic
within the carrier’s orbit.38,39 Because the carrier’s orbit siz
is predetermined in donors and acceptors, the number of
~n! in each BMP is about the same for each BMP. This ma
the magnetic dipole moment of all BMP’s equal, except
statistical differences amounting toAn. The sp-d exchange
interaction between the carrier and magnetic ions creat
ferromagenticbubble. We propose a DMM model which is
similar to the BMP model. The main difference is that t
clusters or polarons can contain more than one carrier,
they have a broad distribution in size, and hence a br
distribution in dipole moment. In addition, the carriers ne
not be localized by charged centers fixed to the lattice—
carriers can be localized in groups by Anderson-type dis
der. Also because of the high density of DMM’s, they can
magnetically coupled to one another or even form a per
lating network. Coupled BMP’s have been discussed pre
ously for II-VI diluted magnetic semiconductors.40

Both the BMP and DMM models have a superparam
neticlike M (B) response, in whichblocksof ferromagneti-
cally coupled ion spins with large dipole moments align
the field. Generally, BMP’s and DMM’s aresoft ferromag-
nets which do not possess remanence and coercive fi
giving rise to hysteresis. On the other hand, ferromagn
domains are characteristically different because of their
teresting and important domain wall effects. Other than th
the magnetism exhibited by these differ primarily in the sc
or size of the discrete magnetic blocks. In all three cases
field dependence of the total magnetization usually ta
place in two physically distinct steps:~i! the total momentof
individual blocks align in a field even though each blo
may not be fully saturated at a finite temperature;~ii ! the
moment within each block increases up to saturation as
ions become fully aligned. For example, in standard fer
magnets the moment of each domain aligns in a small fiel
reach its ‘‘technical’’ saturation, followed by a further in
crease of magnetization at much higher fields as the mom
of individual domains increases towards full saturation.
11520
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Figure 2 showsM (B) for T52 K, with the field axis
plotted on a log scale in order to display both low- a
high-field behaviors. We first neglect the temperature dep
dence ofM and focus on theM (B) behavior atT52 K,
displayed in Fig. 2~b!. We begin by computingM (B) using a
simple BMP model. In this model the total magnetization
produced by many equal blocks, each characterized b
large classical magnetic momentm, aligning in a fieldB at a
fixed temperatureT. The magnetization for this, from th
Langevin function, is given by

M ~B!5MSF1Y tanhS mB

kT D21YS mB

kT D G ,
whereMS is the saturation moment, andk51/11.6 meV/K.
Assuming strong ferromagnetic coupling ofn magnetic ions
in each block, their moment is approximated by the sum
the ion moments,

FIG. 2. MagnetizationM versus ln(B) of Ga12xCrxAs, x
50.095. The log of the field is plotted in order to show the lo
field behavior. Data for temperaturesT52-30 K are shown in~a!.
In ~b!, M (B) is plotted forT52 K, where the points are experi
mental data. The long-dashed curve is a Langevin function w
m/mB515. The solid curve shows a fit to the sum of three Lange
functions with magnetic dipole momentsm/mB52, 10, and 150.
The three Langevin functions are plotted separately as short-da
curves. The field was applied parallel to the epitaxial layer and
substrate diamagnetism has been subtracted.
4-3
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m5ngSmB ,

wheren is the number of ions which are ferromagnetica
coupled,g is the Lande factor,S is the spin of individual
ions, andmB50.0579 meV/T. The long-dashed curve in Fi
2~b! is a fit to the data points withm/mB515. This value is
equivalent to about fourS52(g52) magnetic ions which
are coupled ferromagnetically. However, the fit to the dat
poor. There is additional magnetization at low fields, as w
as too little at higher fields. Also, as discussed in the
section, the data for different temperatures do not scale w
the argument of the Langevin function. Thus, the BM
model is unable to describe theM (B) data, even at one
temperature. It does establish that some ions are ferrom
netically coupled.

In our DMM model we employ a distribution in the mag
netic moments of the polarons. The magnetization becom

M ~B!5(
m

DmLm~B!,

whereDm is the distribution function of the magnetic mo
ments. TheM (B) data atT52 K can be fit quite well using
only three dipole moments in the sum,m/mB52, 10, 150.
This result is shown by the solid curve in Fig. 2~b!. The three
separate Langevin functions from the fit are shown by
short-dashed curves. Although this fit is not unique, it poi
out that the distribution widthencompasses several orders
magnitude in magnetic moment. This distribution is much
broader than the typicalAn ion distribution in fixed diameter
acceptor-bound holes in BMP’s. Furthermore, it is also u
ful to convert the three dipole moments into correspond
cluster diameters. Forx50.1 the three dipole moments co
respond to clusters or polarons having diameters of 0.8,
3.2 nm, respectively, assumingS52(g52) ions. This factor
of 4 in size distribution is not unreasonable considering
sizable alloy disorder and electrical inhomogeneity in lo
temperature MBE grown alloys.

C. Temperature-dependent susceptibility and ferromagnetism

Figure 3~a! shows the magnetic susceptibility as a fun
tion of temperature,x(T). The low-field susceptibility was
determined from the measured magnetization byx̃
5M (T)/B for fields of B5150, 250, and 500 G.~Note that
M /B is not field independent—the data for the three fields
not coincide at any temperature.! For all three fields, the
susceptibility strongly increases for decreasing temperat
Below T54 K, x(T) flattens out or saturates. Convention
ferromagnets show saturation inx(T) when the sample be
comesdemagnetization limited, and the onset temperature
a lower bound for long-range ferromagnetism.41 The ob-
served saturation ofx(T) below T54 K could also be a
lower bound for the ferromagnetic transition observed in
Curie-Weiss behavior discussed below.

The inverse susceptibility was plotted in order to s
whether the Curie-Weiss law describes the paramagnetic
sponse of the magnetic ions at higher temperatures. Fi
3~b! shows the temperature dependence ofx21(T) obtained
from M (T) taken atB50.2 and 1 T. At temperatures abov
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T530 K, x21(T) is linear in temperature for the suscep
bility measured atB51 T. However,x21(T) obtained from
the low-field data is nonlinear inT. Nonlinearity was also
found at lower fields,B5150, 250, and 500 G. This non
Curie-Weiss behavior for susceptibility measured at l
fields is related to the nonlinearity inM (B) at low fields,
which is due to ferromagnetic response of the magnetic
larons. The data taken atB51 T was compared to the Curie
Weiss law,

x5
C

T2u
,

where C5 x̃Nop2mB
2/3k, p25g2S(S11), No52.2

31022 cm23, mB59.27310221 emu/G, and k51.38
310216 erg/K. The straight line is a fit to the data for tem
peratures above T530 K with u510.0 K and C
50.0068 emu K cm23 G21. From the Curie constant, th
average dipole moment per ion isp53.1. This value ob-
tained from the paramagnetic behavior is twice that fou
from the M (B) behavior at low temperatures. Assumingg
52, the computed average spin isS51.54, close toS
53/2 for Cr31. Finally, it is clear from the positiveu that
there are sizable ferromagnetic interactions.

FIG. 3. In ~a!, the magnetic susceptibility,M /B, of
Ga12xCrxAs, x50.095 is plotted as a function of temperatur

M (T)/B5x̃(T) was derived from the magnetization in fields ofB
5150, 250, and 500 G applied parallel to the epitaxial layer, a
the substrate diamagnetism was carefully subtracted fromM. Below

T54 K, x̃ saturates. In~b!, the inverse susceptibilityx̃21(T) is
plotted for B51 T. The straight line represents a fit to the Curi
Weiss law withu510.0 K and Curie constantC50.006 76 emu
K cm23 G21.
4-4
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D. Resistivity

The materials are relatively good conductors at high te
peratures, having a small room-temperature resistivityr
50.1 V cm. This is in the same range as that observed
~Ga,Mn!As, which has resistivity about an order of magn
tude lower for conducting samples and one to two orders
magnitude higher in insulating samples. For decreasing t
perature, the resistivity of~Ga,Cr!As increases by many or
ders of magnitude and becomes insulating. This behavio
similar to insulating~Ga,Mn!As, which shows insulating be
havior for x<0.02 and x>0.06-0.08.14,42,43 Note that
~Ga,Mn!As at x50.02 is both an insulator and show
ferromagnetism.14 The resistivity of~Ga,Cr!As is activated at
high temperatures. In Fig. 4 the log of the conductivi
ln(s), is plotted versus 1/T. It is clear that ln(s) is linear in
1/T at high temperatures, fromT5150 to 300 K. For this
temperature range the activated conductivity follows

s5soexp~2EA /kT!,

with an activation energyEA56661 meV. This energy is
much smaller than 0.8 eV for the Cr21 to Cr31 acceptorlike
transition in GaAs.44 At the high doping levels appropriate t
the present samples, the conduction involves activation f
an effective band of electrons formed from the Crd levels
and disorder-induced band broadening. Hall measurem
were used to estimate the carrier concentration abovT
5200 K, where the conduction is activated, but Hall me
surements are not reliable45 at lower temperatures where th
conduction is due to hopping. In the activated region n
room temperature, Hall measurements reveal hole con
tion. The twop(T) data points atT5200 and 300 K have the
same slope ass(T). Thep(T) data in Fig. 4 extrapolates t
p5331021 cm23, which is close to the density of Cr ions
xNo52.131021 cm23.

FIG. 4. Hole concentration and conductivity versus inverse te
perature of Ga12xCrxAs, x50.095. The solid points are hole con
centrations from Hall measurements, while the crosses are con
tivity. The plotting scales have been shifted to overlap the data.
straight line is a fit to the data for activated conductivitys
5soexp(2EA /kT), with an activation energyEA566 meV. The
conductivity contains data points from both increasing and decr
ing temperature sweeps.
11520
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In order to better understand the conduction mechanis
s is plotted withb51, 1/2, 1/3, and 1/4 in Fig. 5~a!. From
these four plots, it appears that the data forb51/2 has the
highest linearity. This is displayed on an expanded scale
the lower plot, Fig. 5~b!. The data is remarkably linear ove
the entire range of conductivity of nearlynine orders of mag-
nitude. ~Some curvature is seen at higher temperatures wh
the conductivity has the exp@1/T# activation.! The straight
line in Fig. 5~b! is a fit to the data using

s~T!5s1exp@2~T1 /T!1/2#,

with s151.13104V21 cm21 andT151.53104 K.
A temperature exponent ofb51/2 has been shown to

represent:~i! variable range hopping in doped semicondu
tors having a soft Coulomb gap; or~ii ! tunneling between
conducting regions in granular metals.46 Hopping conduction
in ~Ga,Cr!As has been suggested on the basis of the
mobility.35 Also, an exponent ofb51/2 has been observe

-

c-
e

s-

FIG. 5. Log conductivity versus temperature of Ga12xCrxAs,
x50.095. The four curves in~a! are plotted on the abscissa as 1/Tb,
whereb51, 1/2, 1/3, and 1/4. The best linear relationship cor
sponds tob51/2 and is shown on an expanded scale in~b!. The
straight line fit to the data in~b! represents s5s1exp@
2(T1 /T)1/2#, wheres151.13104V21 cm21 and T151.53104 K.
The plot contains data points from both increasing and decrea
temperature sweeps.
4-5
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for a sample withx50.02 over a range of conductivity of
and 1/2 orders of magnitude.37 In the case of a Coulomb gap
electron-electron interactions produce a gap in the densit
localized states, with zero density at the Fermi levelEF and
a parabolic dependence on either side ofEF . This model
relies on the interaction between localized carriers as t
hop from an occupied state belowEF to an unoccupied stat
aboveEF .46 The Coulomb gap mechanism is active wh
the temperature is less than the gap energy. The gap en
for Cr could be substantial because of the small radius of
acceptorlike states. On the other hand, the exponentb51/2
can be related to tunneling between conducting regio
where the conducting objects are the clusters or magn
polarons which are observed in the magnetization. Althou
it is remarkable thatb51/2 over a range ofs of nearly a
billion, the precise mechanism giving rise to the expon
requires further modeling. However, the mechanism of t
neling between clusters is favored over that of a Coulo
gap, since the magnetization demonstrates the existenc
conducting clusters or polarons which are isolated at
temperatures.

E. X-ray diffraction

X-ray diffraction scans did not show any appreciab
peaks not related to the zincblende structure, however,
does not rule out the possibility of small precipitates or m
terials having another crystal structure. The x-ray diffract
spectrum forx50.10 is shown in Fig. 6. There is a secon
peak near 2u566 ° in the~400! spectrum. This weaker pea
is down shifted in angle from the stronger GaAs substr
peak. The smaller angle corresponds to a larger lattice c
stant for the~Ga,Cr!As relative to GaAs. The down shift o
D2 u520.094 ° corresponds to a lattice-constant expans

FIG. 6. X-ray diffraction scan of the~400! reflection of a 200
nm layer of Ga12xCrxAs, x50.095, on a GaAs substrate. The lar
peak at higher angle is due to the GaAs substrate and the sm
peak at lower angle is due to the~Ga,Cr!As layer. The two solid
curves correspond to the data points after subtracting Gaus
~higher amplitude peak! and Lorentzian functions fit to the GaA
peak.
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in the growth direction ofDaz50.000 112 nm. Similar to
~Ga,Mn!As, we expect that layers of~Ga,Cr!As are fully
strained for thicknesses much larger than the criti
thickness.14 In general, alloys grown at low temperature
have two contributions giving rise to a different lattice co
stant. Even without alloying, low-temperature growth
GaAs produces a larger lattice constant.47 The change in lat-
tice constant of~Ga,Cr!As with Cr concentration has bee
measured forx50 to 0.06, where it was found tha
daz /dx510.0082 nm.37 This expansion is smaller than tha
for ~Ga,Mn!As, where daz /dx510.032 nm.14 Note that
~Ga,Cr!As has a four times closer lattice match to GaAs th
~Ga,Mn!As. However, searching the literature foraz(x) data
for ~Ga,Mn!As it appear thataz(x) is not unique and the
derivative,daz /dx, varies by as much as a factor of 2
samples grown in different laboratories. This means that
x-ray spectrum cannot be used to determine the concen
tion, unless perhaps the preparation conditions, such
As/Ga flux ratio, substrate temperature, growth rate, and p
annealing are relatively unchanged.

IV. CONCLUSIONS

~Ga,Cr!As at low Cr concentrations shows anomalous b
havior in the magnetic and transport properties due to
random alloy nature of the magnetic and electronic inter
tions. At low temperaturesM (B) rises much faster for in-
creasing field than expected for uncoupled paramagn
ions. This is an evidence of short-range ferromagnetism
tween Cr ions. TheM (B) dependence is compatible with
model of local ferromagnetism in magnetic clusters or p
larons having a large distribution in magnetic moment. Ho
ever, this model cannot explain the temperature depende
and further modeling is required to obtain a satisfactory p
ture of the inhomogeneous magnetism, including the satu
ing susceptibility at low temperatures. A positiveu510 K
from the high-temperature susteptibility is also a support
sizable ferromagnetic interactions. The mechanism for
ferromagnetism is not yet known. The situation could
similar to the long-range ferromagnetism observed
~Ga,Mn!As, but the smaller hole wave function of the deep
Cr acceptors could give rise to strong localizing effects
quasi-itinerate holes. It is also possible that double excha
between the deep Cr acceptors could play a major role.
nally, it is remarkable that the conductivity below room tem
perature can be described by exp@2(T1 /T)1/2# over a large
range of conductivity of 8 orders of magnitude.
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