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The magnetic, transport, and structural propertie§G#H,C)As are reported. Zincblende GaCr,As was
grown by low-temperature molecular-beam epitaxy. At low concentration$).1, the materials exhibit un-
usual magnetic properties associated with the random magnetism of the alloy. At low temperatures the mag-
netizationM (B) increases rapidly with increasing field due to the alignmerfeobmagneticunits (polarons
or cluster$ having large dipole moments of order 1024 . A standard model of superparamagnetism is
inadequate for describing both the field and temperature dependence of the magneéi£&tjdi. In order to
explain M(B) at low temperatures we employdistributed magnetic-momemhodel 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 bdlewt K. The inverse susceptibility follows a line@rCurie-Weiss
law and extrapolates to a magnetic transition temperafiard0 K. In magnetotransport measurements, a
room-temperature resistivity gf=0.10 cm and a hole concentration ef10?° cm™2 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
exd —(T,/T)¥?] over a large range of conductivity, possible evidence of tunneling between polarons or
clusters.
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[. INTRODUCTION ago, because the addition of Cr makes GaAs semi-insulating
for use in electronic applicatiorid.Similar to Fe doping, Cr
Utilizing the spin property of electrons is expected to addin GaAs acts as a deep acceptor which compensates native
another dimension to conventional electronics which relieglonors making the material highly resistive. GaAs:Cr also
only on the charge property of electrons. The emerging fieldpossesses photoconductiinthe photorefractive effect
of spin electronics™ has been ushered in by the promise ofand optically induced change in the Cr valence sthfthe
several spin-transport devices. These includg:sensitive  magnetic properties fGa,CpAs alloys containing substan-
magnetic-field sensors useful for reading magnetically storetlal concentrations of Cr are now being explored. This stems
information, based on the giant magnetoresistaf@®R)  from the ability to grow GaAs with transition metals using
effect*® (i) spin valves based on the magnetic tunnel juncdow-temperature molecular-beam epita®BE).'° The first
tion (MTJ);®7 (iii ) the spin-field effect transist@spin-FET:;®  study of (Ga,C)As alloys revealed superparamagnetic be-
and (iv) magnetic random access memoridRAM) utiliz- havior for x=0.033% Results have also been reported for
ing GMR or MTJ. (Ga,CpAs with x=0.1172° and CrAs®® The present study is
Even prior to these spin devices, there has been considesimed at investigating the properties of GaCr,As with a
able research aimed at synthesizing new ferromagnetic m&r concentration ok=0.10.
terials which are compatible with conventional semiconduc- Magnetic, transport, and structural studies were carried
tors and semiconductor processing. Magnetic semiout on samples of Ga,Cr,As with x=0.1 grown by low-
conductors have been actively researched for nearly half ®emperature MBE. Magnetic properties were investigated us-
century, beginning with europium chalcoginid@sg., EuX, ing a superconducting quantum interference de(&@UID)
X=S, Se, Te®° This was followed in the 1980’s by II-VI magnetometer in magnetic fields up to 5 T and temperatures
diluted magnetic semiconductors(e.g., (Cd,MnTe, T=2 to 300 K. The magnetizatioM(B) at low tempera-
(Zn,Mn)Se],*12 then recently 111-V ferromagnetic semicon- tures increases much faster for increasighan expected
ductors [e.g., (In,Mn)As and (Ga,MnAs].**-15 Although  for single magnetic ions. This behavior is evidencdesfo-
Ga _Mn,As possesses robust ferromagnetism for mangamagneticcoupling between magnetic ions. However, there
nese concentrations near 0.05, it is only ferromagnetic are many features which cannot be explained by a simple
below T.<1101*1%"More recently there have been reports model of paramagnetism or superparamagneti&€h:the
of higher-temperature ferromagnetic semiconductors, includiow-field magnetization is nonlinear iB (field-dependent
ing hexaborides (Ca,La)B"® phosphides (Cd,Mn,Ge)P°  susceptibility; (2) the magnetization deviates strongly from
oxides (Ti,Co)Q (Ref. 20 and (Zn,V,C00! nitrides  1/T behavior at low temperatures; af@ the magnetization
(Ga,MnN,??23 and antimonide$Ga,MnSb?* In addition,  requires a cluster model having a wide distribution of cluster
using chromium points to high transition temperatures inor polaron magnetic-moments. Although all of the magnetic
l1I-V materials’>?® and 11-VI materials?’ Furthermore, cal- characteristics cannot be explained by a single model, some
culations indicate strong ferromagnetism(@a,CyAs, 2 and  features can be described bylistributedmagnetic moment
the zincblende forms of CrA¥, and MnAs>° (DMM) model having a large distribution of magnetic
GaAs doped with Cr was the focus of research a decadsmoments.
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Transport measurements show mild conductivity at room 30 — T T T
temperature, wherp~0.1Q) cm, and strong insulating be- - 1
havior at low temperatures. Near room temperature, the con- - - 2K 4
ductivity is activated and Hall measurements yield a hole ' 6K 1
concentration=10?° cm™3. This indicates that Cr also acts - .
as a deep acceptor similar to shallower Mn. It is remarkable _ 20 8%
that the conductivity follows exp-(T;/T)*?] over 8 orders “c 15K
of magnitude change i, implying a hopping mechanism g 20K ]
at lower temperatures. X-ray diffraction scans exhibit S 1
a zincblende structure having a larger lattice constant — . 30K T
than GaAs. = i

Il. EXPERIMENTAL CONDITIONS i XG%»:?XAS

(Ga,CpAs layers were grown on epiread¥00-oriented j B || layer
GaAs substrates by low-temperature MBE using solid source 0 y , ) I T
elements. Effusion cell temperatures were 980°C for Ga, 0 1 2 3 4 5 6
275°C for As, and 940°C for Cr. The Cr-to-Ga flux ratio B (T)

was monitored by a quartz crystal thickness monitor, and the
As-to-Ga flux ratio was set to approximately 15 by monitor-  FIG. 1. Magnetization saturation of Ga,Cr,As, x=0.095. The
ing the flux with a nude ion gauge. After thermally removing magnetizationM (B) is plotted as a function of applied magnetic
the surface oxide from the substrate at 630 °C for 10—20 miffield B for various temperatures fromi=2 (top curve to 30 K
in As flux, a 100-nm thick layer of a high-temperature GaAs(bottom curve. The field was applied parallel to the epitaxial layer
was grown at 580 °C, followed by a 100 nm layer of low- and the substrate diamagnetism has been subtracted. The dashed
temperature GaAs grown at 220 °C, then the 200 nm thiclgurve is a Brillouin function folS=2, g=2, andT=2 K.
layer (Ga,CpAs was deposited at 220°C at a rate of 0.1
nm/s. Chromium has higher diffusion than Mn in GaAs, re-|oy fields suggests that the field is aligniggoupsof mag-
quiring lower substrate temperatures around 180-220°C imetjc jons rather than single ions. This behavior is a clear
stead of 250 °C typically used to gro@a,MnAs. Cr con-  gyidence offerromagneticinteraction between Cr ion mo-
;ﬁztr;“r'gns \rgvoet:)eeliectt?cr)wIgegc?%égog(tfg:?gecl\:;nnSeF:iez;ttrigico%ents' The interaction couples many ions into ferromagnetic
measure)r/nznts were perfo?med in a variable tgmperature 5 foups of ions h.avmg'a large dipole 'mom.ent which is many
SQUID magnetometer. Plots of the magnetization data wert mes that of a smgle_ lon. Groups of 1ons in _so-called super

. . . . aramagnets are typically much smaller in size than domains
obtained after subtracting the diamagnetism of the substrat . .

i ferromagnets and lack their domain wall effects. The mag-

which wasys,,=— (2.19+0.01)x 10~ " emu/gG. Four-wire etization of individual superoaramaanetic blocks have a
conductivity measurements were made on a standard Ha{l_\ zatic individu Uperp gnet v
angevin function respondeg( «B/KT). It was found that the

bar geometry sample, approximatelyx® mm in size, 3
placed in a closed cycle cryostat operating betwEert and presentM (B/T) data at various temperatures do not scale

300 K. Because of the high sample resistivity at low tem-With B/T. This pehavior was also observed'in a sample with
peratures, the dc current was measured while holding th¥=0.03, for whichM was plotted as a function &/T, and
voltage at 1 V. Hall measurements were made in the cryostdfie M(B/T) data at various temperatures did not reduce to a
which was placed in a cryogen-free 14 T superconductingingle curve’® We conclude that the behavior & (B, T) is
magnet having a 52-mm diameter room-temperature bore. not that of a simple paramagnet or superparamagnet.
NearB=5 T, the average magnetic dipole moment per

IIl. RESULTS AND DISCUSSION ion is found to bep=(u)/ug=1.4. This is a factor of 2 to 3
smaller than expected if all the ions are aligned. In that case,

A. Field-dependent and temperature-dependent magnetization p=3 or 4, for CF*(S=3/2g=2) or CP*(S=2g=2), re-

The field dependence of the magnetizatibh(B) is  spectively. The remainder of the magnetization presumably
shown in Fig. 1 for temperatures ranging frdn+2 to 30 K requires much higher fields to saturate. The Cr ions giving
and fields up toB=5 T. At low temperaturesM (B) ap- rise to the missing magnetization probably exist in a second
proaches saturation after several tesla. The increasy B) phase. Although the RHEED and x-ray diffraction results did
in Fig. 1 for increasind is much faster than a paramagnetic not show any appreciable crystal phases other than the
response. The dashed curve is a Brillouin function Tor zincblende structure, second phases cannot be ruled out. An-
=2 K, representing the response of singk=(2,g=2) ions.  other possibility is that those ions have a different electronic
At low fields, the experimental data foF=2 K is many  structure resulting in neither paramagnetic nor ferromagnetic
times larger than the Brillouin function. From this data it is response to the applied field. Other reported magnetic mea-
possible to rule out a majority paramagnetism, but it is dif-surements ofGa,CpAs also find reduced values pf Values
ficult to tell whetherM (B) is attributed to ferromagnetic or range fromp=2.7 forx=0.0093" to p=2.1 forx=0.0343°
to superparamagnetic response. The additional magnetism atd p=1.0 for x=0.112° This trend of decreasing for
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increasingx has been observed for a range »olup to x 1.0 - e ; a5
=0.065, where it appears that the moment falls off approxi- (@) oood’ 6
mately aspo 1/x.3’ Ga, Cr.As o = o

Finally, we note that the present samples do not show x=0.10 gt

L B || layer o 7 515
hysteresis in thé/1(B) measurements for temperatures down  — - A
to T=1.9 K for either orientation of the magnetic field. This % oo/° " v"’vA Cat
contrasts with a previous study of a0.11 sample which g od”O'ODU A v,v-V AAA/./“ g 30
showed temperature-dependent hyster@dis that study the -l A,A-AA.A’ &
remanent field decreased with increasing temperature leading /°/°’D_Dndjj A 000,0’
to a transition temperature of.~40 K. Those measure- o.o/;/n/”' /‘//ﬁﬁr:‘eo“
ments also contained an unexplained temperaitudepen- ,ngf rg;v'j/ﬁﬁe”'
dent remanence which was the same magnitude as the 0 ) = ""3 — '4 ;
temperature-dependent remanence. 10 10 10 10
B(G)
B. Modeling of M (B)
. . 1.0 T T

The M(B) dependence has a unique behavior and cannot (b) LuBKT)

be fit to any simple function. Two models are considered Wg=15 ~

here forM(B): (i) bound magnetic polarofBMP) model; Ga, CrAs

(i) distributedmagnetic momentDMM) model.

In a BMP one itinerant carrigielectron or holgis bound
to a charged center and there are a number of magnetic ions
within the carrier’s orbit®3° Because the carrier’s orbit size
is predetermined in donors and acceptors, the number of ions =190 _g=m—zc
(n) in each BMP is about the same for each BMP. This makes C
the magnetic dipole moment of all BMP’s equal, except for

M (arb.)

statistical differences amounting tt. The sp-d exchange O e e
interaction between the carrier and magnetic ions creates a 10° 10° 10* 10°
ferromagenticbhubble We propose a DMM model which is B (G)

similar to the BMP model. The main difference is that the

clusters or polarons can contain more than one carrier, and FIG. 2. MagnetizationM versus InB) of Ga_,CrAs, X
they have a broad distribution in size, and hence a broae0.095. The log of the field is plotted in order to show the low-
distribution in dipole moment. In addition, the carriers needfield behavior. Data for temperatur@s=2-30 K are shown ira).

not be localized by charged centers fixed to the lattice—thén (b), M(B) is plotted forT=2 K, where the points are experi-
carriers can be localized in groups by Anderson-type disormental data. The _Iong-dashed curve is a Langevin function wi_th
der. Also because of the high density of DMM's, they can beﬂ/MB_: 15. The solid cqrve_shows afit to the sum of three Langevin
magnetically coupled to one another or even form a percofunctions with magnetic dipole momenjs/ug=2, 10, and 150.

lating network. Coupled BMP's have been discussed previ]'he three Langevin functions are plotted separately as short-dashed
ously for 11-VI ailuted magnetic semiconductd?s curves. The field was applied parallel to the epitaxial layer and the

Both the BMP and DMM models have a Superparamag-SUbStrate diamagnetism has been subtracted.

neticlike M(B) response, in whichblocks of ferromagneti- , . ) .
cally coupled ion spins with large dipole moments align in _Figuré 2 showsM(B) for T=2 K, with the field axis

the field. Generally, BMP’s and DMM'’s areoft ferromag- p!otteq on a Iog scale n order to display both low- and
nets which do not possess remanence and coercive fieldugh-field behaviors. We first neglect the temperature depen-

giving rise to hysteresis. On the other hand, ferromagnetid€nce ofM and focus on theM(B) behavior atT=2 K,
domains are characteristically different because of their indisplayed in Fig. ). We begin by computing!(B) usinga
teresting and important domain wall effects. Other than thatSiMPle BMP model. In this model the total magnetization is

the magnetism exhibited by these differ primarily in the scalgProduced by many equal blocks, each characterized by a
or size of the discrete magnetic blocks. In all three cases, tha"9€ classical magnetic moment aligning in a fields at a
individual blocks align in a field even though each block
1 “B)_, /(#B
@ T KT/
ions become fully aligned. For example, in standard ferro-
crease of magnetization at much higher fields as the momein each block, their moment is approximated by the sum of

field dependence of the total magnetization usually takef*€d temperaturel. The magnetization for this, from the
may not be fully saturated at a finite temperatuiie) the M(B)=Mq

magnets the moment of each domain aligns in a small field tavhereM g is the saturation moment, akg=1/11.6 meV/K.
of individual domains increases towards full saturation. the ion moments,

place in two physically distinct step) the total momenpf ~ -@ngevin function, is given by
moment within each block increases up to saturation as the
reach its “technical” saturation, followed by a further in- Assuming strong ferromagnetic coupling mfnagnetic ions
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u=ngSug, 0.020 o
wheren is the number of ions which are ferromagnetically < .5f 250G Ga, CrAs
coupled,g is the Lande factorS is the spin of individual Q
ions, andug=0.0579 meV/T. The long-dashed curve in Fig. € o010 500 G eeeee
2(b) is a fit to the data points witle/ ug=15. This value is E
equivalent to about fous=2(g=2) magnetic ions which o
are coupled ferromagnetically. However, the fit to the data is = 0.005 ]
poor. There is additional magnetization at low fields, as well (a) i STCSOCPRRR
as too little at higher fields. Also, as discussed in the last @, = 5 10 20 50
section, the data for different temperatures do not scale with T (K)
the argument of the Langevin function. Thus, the BMP
model is unable to describe tHd(B) data, even at one 15000
temperature. It does establish that some ions are ferromag-
netically coupled. =

In our DMM model we employ a distribution in the mag- £ 1g000 |
netic moments of the polarons. The magnetization becomes mE
[&]
M(B)=2 D,L,(B), % 2000 1
ys —
whereD , is the distribution function of the magnetic mo- 0 5 ; . .
ments. TheM (B) data atT=2 K can be fit quite well using 0 20 40 60 80 100
only three dipole moments in the sum/ug=2, 10, 150. T (K)

This result is shown by the solid curve in Figh2 The three _ o

separate Langevin functions from the fit are shown by the FIG. 3. In (&), the magnetic susceptibility,M/B, of

short-dashed curves. Although this fit is not unique, it points®a-xCixAS, x=0.095 is plotted as a function of temperature.

out that the distribution widtencompasses several orders of M(T)/B=x(T) was derived from the magnetization in fieldstf

magnitude in magnetic momenkhis distribution is much =150, 250, and 500 G applied parallel to the epitaxial layer, and

broader than the typicafﬁ ion distribution in fixed diameter the subs[ate diamagnetism was carefully subtractedjmraelow

acceptor-bound holes in BMP’s. Furthermore, it is also used =4 K, x saturates. Inb), the inverse susceptibil_ity‘l(T) is

ful to convert the three dipole moments into correspondin Iot_ted forBfl T. The straight Ilne_ represents a fit to the Curie-

cluster diameters. For=0.1 the three dipole moments cor- VeiSS aw with§=10.0 K and Curie constar=0.006 76 emu

respond to clusters or polarons having diameters of 0.8, 1.3¢™ ~ G ™

3.2 nm, respectively, assumi® 2(g=2) ions. This factor

of 4 in size distribution is not unreasonable considering thel =30 K, x~*(T) is linear in temperature for the suscepti-

sizable alloy disorder and electrical inhomogeneity in low-bility measured aB=1 T. However,y ~*(T) obtained from

temperature MBE grown alloys. the low-field data is nonlinear iff. Nonlinearity was also

found at lower fieldsB=150, 250, and 500 G. This non-
C. Temperature-dependent susceptibility and ferromagnetism ~ Curie-Weiss behavior for susceptibility measured at low
) ) . fields is related to the nonlinearity ikl (B) at low fields,

_ Figure 3a) shows the magnetic susceptibility as a func-hich is due to ferromagnetic response of the magnetic po-

tion of temperaturey(T). The low-field susceptibility Was  |arons. The data taken B=1 T was compared to the Curie-

determined from the measured magnetization y  Weiss law,

=M(T)/B for fields of B=150, 250, and 500 GNote that

M/B is not field independent—the data for the three fields do c

not coincide at any temperature-or all three fields, the ==,

susceptibility strongly increases for decreasing temperature. T=0

Below T=4 K, x(T) flattens out or saturates. Conventional ~

ferromagnets show saturation j(T) when the sample be- where  C=xN,p?uf/3k, p?=g’S(S+1), N,=2.2

comesdemagnetization limitedand the onset temperature is X102 cm™3,  ug=9.27x10"# emu/G, and k=1.38

a lower bound for long-range ferromagnetiémThe ob- X 10 ' erg/K. The straight line is a fit to the data for tem-

served saturation of(T) below T=4 K could also be a peratures above T=30K with #=10.0K and C

lower bound for the ferromagnetic transition observed in the=0.0068 emuK cm® G™1. From the Curie constant, the

Curie-Weiss behavior discussed below. average dipole moment per ion =3.1. This value ob-
The inverse susceptibility was plotted in order to seetained from the paramagnetic behavior is twice that found

whether the Curie-Weiss law describes the paramagnetic rérom the M(B) behavior at low temperatures. Assumigg

sponse of the magnetic ions at higher temperatures. Figure2, the computed average spin &= 1.54, close toS

3(b) shows the temperature dependence of(T) obtained =3/2 for CF*. Finally, it is clear from the positive that

from M(T) taken atB=0.2 and 1 T. At temperatures above there are sizable ferromagnetic interactions.
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T(K) 102 ; ; ; ;
e 300 150 100 70 50 . ol Ga, Cr As
§ T T T T T T E| 10 -X X J
: 4100 x=0.10
- p=p, exp(-E/KT) E "
10 ¢ p,=31x10"em®  Iyg § 10 3
R 10% L EA= 63 meV ] — g 10_4 e % Y ﬁﬁh i
K i ER £ o %
S 19 [ E (S} 5 LY y y,
S 107 ] v 10 % % L
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: 40.01
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F x=0.10 hig, {0001 1T (KT)
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FIG. 4. Hole concentration and conductivity versus inverse tem- "
perature of Ga_,Cr,As, x=0.095. The solid points are hole con- . o=c,exp[~(T, /T) "]
centrations from Hall measurements, while the crosses are conduc- 10 F T= 1.5x10% K 3
tivity. The plotting scales have been shifted to overlap the data. The 1
straight line is a fit to the data for activated conductivity = ol 1
= 0,exp(—E/KT), with an activation energe,=66 meV. The i= 10°F ]
conductivity contains data points from both increasing and decreas- . 3 E
ing temperature sweeps. < 10 i ]
o 3 b
D. Resistivity E
. . . 6 [ Ga, Cr As -
The materials are relatively good conductors at high tem- 107 F X_(;% X 3
peratures, having a small room-temperature resistiyity, : o 5
=0.1Qcm. This is in the same range as that observed for 10°® P T SR T
(Ga,MnAs, which has resistivity about an order of magni- 0.05 0.10 0.15 0.20 0.25
tude lower for conducting samples and one to two orders of 1T (K'”2)
magnitude higher in insulating samples. For decreasing tem-
perature, the resistivity afGa,CpAs increases by many or-  F|G. 5. Log conductivity versus temperature of ;GzCr,As,

ders of magnitude and becomes insulating. This behavior ig=0.095. The four curves ife) are plotted on the abscissa a34,/
similar toinsulating(Ga,MnAs, which shows insulating be- whereg=1, 1/2, 1/3, and 1/4. The best linear relationship corre-
havior for x<0.02 and x=0.06-0.081*%243% Note that sponds to8=1/2 and is shown on an expanded scalétin The
(Ga,MnAs at x=0.02 is both an insulator and shows straight line fit to the data in(b) representso=oexd
ferromagnetisn? The resistivity of(Ga,ChAs is activated at  —(T,/T)*?], whereo;=1.1x10*Q " cm ! and T;=1.5x 10* K.

high temperatures. In Fig. 4 the log of the conductivity, The plot contains data points from both increasing and decreasing
In(o), is plotted versus T/. It is clear that In§) is linear in  temperature sweeps.

1/T at high temperatures, fromi=150 to 300 K. For this

temperature range the activated conductivity follows In order to better understand the conduction mechanisms,
o is plotted withg=1, 1/2, 1/3, and 1/4 in Fig.(8). From
o=0.eXp(—Ea/KT), these four plots, it appears that the data o 1/2 has the

highest linearity. This is displayed on an expanded scale in
the lower plot, Fig. ). The data is remarkably linear over
the entire range of conductivity of neamyne orders of mag-
itude (Some curvature is seen at higher temperatures where
e conductivity has the ekp/T] activation) The straight
@e in Fig. 5b) is a fit to the data using

with an activation energ¥,=66+1 meV. This energy is
much smaller than 0.8 eV for the & to CP+ acceptorlike
transition in GaA$:* At the high doping levels appropriate to
the present samples, the conduction involves activation fro
an effective band of electrons formed from the Clevels
and disorder-induced band broadening. Hall measuremen
were used to estimate the carrier concentration abbve _ u

=200 K, where the conduction is activated, but Hall mea- o(T)=osexd —(T2/T)™),

surements are not reliaBfeat lower temperatures where the with o;=1.1x10*Q"* cm™* and T;=1.5x 10* K.

conduction is due to hopping. In the activated region near A temperature exponent g8=1/2 has been shown to
room temperature, Hall measurements reveal hole condugepresent{i) variable range hopping in doped semiconduc-
tion. The twop(T) data points al =200 and 300 K have the tors having a soft Coulomb gap; ¢ii) tunneling between
same slope as(T). Thep(T) data in Fig. 4 extrapolates to conducting regions in granular met&fsHopping conduction
p=3x10%' cm 3, which is close to the density of Cr ions, in (Ga,C)As has been suggested on the basis of the low
XNy=2.1x10?* cm 3, mobility.>® Also, an exponent of3=1/2 has been observed
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E 80 : . in the growth direction ofAa,=0.000112 nm. Similar to

& (Ga,MnAs, we expect that layers diGa,CpAs are fully

R Ga, Cr As ’ . "

= 60} x F & ] strained for thicknesses much larger than the critical

~ x=9.5% Y . 4

> SN thickness* In general, alloys grown at low temperatures

2 0l oot i i | have two contributions giving rise to a different lattice con-

o) ige=—-'0094° 3 stant. Even without alloying, low-temperature growth of

= T . GaAs produces a larger lattice const4rithe change in lat-

§ 20 1 " GaAs ] tice constant ofGa,CpAs with Cr concentration has been

< N measured forx=0 to 0.06, where it was found that

> 0 (Ga,Cr)As . da,/dx=+0.0082 nm®’ This expansion is smaller than that

g - : for (Ga,MnAs, where da,/dx=+0.032 nm** Note that
-0.1 0 0.1 0.2 (Ga,ChAs has a four times closer lattice match to GaAs than

20-66 (deg) (Ga,MnAs. However, searching the literature fy(x) data

) ) . for (Ga,MnAs it appear tha@,(x) is not unique and the
FIG. 6. X-ray diffraction scan of thé400 reflection of a 200 derivative, da,/dx, varies by as much as a factor of 2 in
nm layer of Ga_CrAs, x=0.095, on a GaAs substrate. The large samples grown in different laboratories. This means that the
peak at higher angle_ls due to the GaAs substrate and the S_ma"%ray spectrum cannot be used to determine the concentra-
peak at lower angle is due to ti&a,CyAs layer. The two solid  oh " | niess perhaps the preparation conditions, such as

curves correspond to the data points after subtracting Gaussw}Q :
) . : : ) s/Ga flux ratio, substrate temperature, growth rate, and post
(higher amplitude peakand Lorentzian functions fit to the GaAs annealing are relatively unchanged.

peak.
for a sample withx=0.02 over a range of conductivity of 2 V. CONCLUSIONS
and 1/2 orders of magnitudéin the case of a Coulomb gap,  (Ga,CjAs at low Cr concentrations shows anomalous be-
electron-electron interactions produce a gap in the density diavior in the magnetic and transport properties due to the
localized states, with zero density at the Fermi leeland  random alloy nature of the magnetic and electronic interac-
a parabolic dependence on either sideEgf. This model tions. At low temperature#(B) rises much faster for in-
relies on the interaction between localized carriers as thegreasing field than expected for uncoupled paramagnetic
hop from an occupied state belds to an unoccupied state jons. This is an evidence of short-range ferromagnetism be-
aboveEr.*® The Coulomb gap mechanism is active whentween Cr ions. ThéV(B) dependence is compatible with a
the temperature is less than the gap energy. The gap energyodel of local ferromagnetism in magnetic clusters or po-
for Cr could be substantial because of the small radius of thearons having a large distribution in magnetic moment. How-
acceptorlike states. On the other hand, the expofent/2  ever, this model cannot explain the temperature dependence
can be related to tunneling between conducting regionsand further modeling is required to obtain a satisfactory pic-
where the conducting objects are the clusters or magnetigire of the inhomogeneous magnetism, including the saturat-
polarons which are observed in the magnetization. Althougling susceptibility at low temperatures. A positive= 10 K
it is remarkable thaj3=1/2 over a range ofr of nearly a  from the high-temperature susteptibility is also a support for
billion, the precise mechanism giving rise to the exponentizable ferromagnetic interactions. The mechanism for the
requires further modeling. However, the mechanism of tunferromagnetism is not yet known. The situation could be
neling between clusters is favored over that of a Coulomisimilar to the long-range ferromagnetism observed in
gap, since the magnetization demonstrates the existence @a,MnAs, but the smaller hole wave function of the deeper
conducting clusters or polarons which are isolated at lowCr acceptors could give rise to strong localizing effects for
temperatures. quasi-itinerate holes. It is also possible that double exchange
between the deep Cr acceptors could play a major role. Fi-
E. X-ray diffraction nally, it is remarkable that the conductivity below room tem-
perature can be described by ExgT,/T)*?] over a large

X-ray diffraction scans did not show any appremableréalnge of conductivity of 8 orders of magnitude.

peaks not related to the zincblende structure, however, thi
does not rule out the possibility of small precipitates or ma-
terials having another crystal structure. The x-ray diffraction
spectrum forx=0.10 is shown in Fig. 6. There is a second We thank C. Feinstein, K. Pant, D.K. Basiaga, G. Favrot.
peak near 2=66 ° in the(400) spectrum. This weaker peak Z. Lee, C. Bailey, T.H. Kim, and especially J.S. Moodera for
is down shifted in angle from the stronger GaAs substrat&onsiderable help with instrumentation, and Y. Ohno, S.
peak. The smaller angle corresponds to a larger lattice corkravchenko, R.P. Guertin, G. Berera, and Y. Shapira for use-
stant for the(Ga,CpAs relative to GaAs. The down shift of ful conversations and assistance with the measurements. This
A2 6=—0.094° corresponds to a lattice-constant expansiomvork was supported by NSF Grant No. DMR-9804313.

ACKNOWLEDGMENTS

115204-6



MAGNETIC INTERACTIONS AND TRANSPORT IN(Ga,CpAs PHYSICAL REVIEW B 67, 115204 (2003

1G.A. Prinz, Science82 1660(1998. Kindo, and H. Hori, J. Appl. Phy91, 7911(2002.
2S.A. Wolf, D.D. Awschalom, R.A. Buhrman, J.M. Daughton, and ?*J.K. Furdynaet al, cond-mat/020336{unpublishedl

S. von Molnar, Scienc@94, 1488(2001). 253.H. Zhao, F. Matsukura, K. Takamura, E. Abe, D. Chiba, and H.
3D. D. Awschalom, N. Samarth, and D. Lo&emiconductor Spin- Ohno, Appl. Phys. Lett79, 2776(2002.

tronics and Quantum ComputatidSpringer, New York, 2002 26\M. Yamada, K. Ono, M. Mizuguchi, J. Okabayashi, M. Oshima,
4M.N. Baibich, J.M. Broto, A. Fert, F. Nguyen Van Dau, F. Petroff, M. Yuri, H.J. Lin, H.H. Hsieh, C.T. Chen, and H. Akinaga, J.
P. Etienne, G. Creuzet, A. Friederich, and J. Chazelas, Phys. Appl. Phys.91, 7908(2002.

Rev. Lett.61, 2472(1988. 27H, Saito, W. Zaets, S. Yamagata, Y. Suzuki, and K. Ando, J. Appl.
SP. Grunberg, R. Schreiber, Y. Pang, M.B. Brodsky, and H. Sow- Phys.91, 8085(2002.

ers, Phys. Rev. Let67, 2442(1986. 28M. van Schilfgaarde and O.N. Mryasov, Phys. Re\6®8 233205
63.S. Moodera, L.R. Kinder, T.M. Wong, and R. Meservy, Phys. (200J).

Rev. Lett.74, 3273(1995. 294, Akinaga, T. Manago, and M. Shirai, Jpn. J. Appl. Phgs,
"T. Miyazaki and N. Tezuka, J. Magn. Magn. MatéB9, 231 L1118 (2000.

(1995. 305, sanvito and N. Hill, Phys. Rev. 82, 15 553(2000).
83S. Datta and B. Das, Appl. Phys. Lefi5, 665 (1990. 31).S. Blakemore, J. Appl. Phy§3, 520(1982.

9S. von Molnar and S. Methfessel, J. Appl. Phg8, 959(1967.  32B. Clerjaud, J. Phys. @8, 3615(1985.
10E. L. NagaevPhysics of Magnetic Semiconductahgir Publish- ~ 33B. Imbert, H. Rajbenbach, S. Malllick, J.P. Herriau, and J.P. Huig-

ers, Moscow, 1983 nard, Opt. Lett13, 327 (1988.
113, K. Furdyna and J. KossubBiluted Magnetic Semiconductors  3*A.M. White, J.J. Krebs, and G. Stauss, J. Appl. PHyk. 419
Semiconductor and Semimetals Vol. &cademic Press, Bos- (1980.
ton, 1988. 35H. Saito, W. Zaets, R. Akimoto, K. Ando, Y. Mishima, and M.
12T Dietl, in Handbook of Semiconductoredited by T. S. Moss Tanaka, J. Appl. Phys89, 7392(2002.
(North-Holland, Amsterdam, 1994\ol. 3b, p. 1251. 36M. Mizuguchi, H. Akinaga, T. Manago, K. Ono, M. Oshima, M.
13H. Munekata, H. Ohno, S. von Molnar, A. Segmller, L.L. Chang,  Shirai, M. Yuri, H.J. Lin, H.H. Hsieh, and C.T. Chen, J. Appl.
and L. Esaki, Phys. Rev. Let3, 1849(1989. Phys.91, 7917(2002.
14H. Ohno, Scienc®81, 951 (1998. %’D. Okazawa, K. Yamamoto, A. Nagashima, and J. Yoshino,

15 Matsukura, H. Ohno, and T. Dietl, “lII-V Ferromagnetic Semi- Physica E(Amsterdam 10, 229 (2001).
conductors”, Handbook of Magnetic Materials Vol. 14, 38p_A. Wolff, in Dilute Magnetic Semiconductqredited by J. K.

pp. 1-87, October 2002. Furdyna and J. Kossut, Semiconductors and Semimetals, Vol. 25
8. Ohno, A. Shen, F. Matsukura, A. Oiwa, A. Endo, S. Katsu-  (Academic Press, Boston, 198§p. 413—454.
moto, and Y. lye, Appl. Phys. Let69, 363(1996. 39D, Heiman, P.A. Wolff, and J. Warnock, Phys. Rev2B, 4848

173. De Boeck, R. Oesterholt, A. Van Esch, H. Bender, C. Bruynser- (1983.
aede, C. Van Hoof, and G. Borghs, Appl. Phys. LéR, 2744 40A.C. Durst, R.N. Bhatt, and P.A. Wolff, Phys. Rev.85, 235205
(1996. (2002.

8D.P. Young, D. Hall, M.E. Torelli, Z. Fisk, J.L. Sarrao, J.D. *'Y. Shapira, S. Foner, and T.B. Reed, Phys. Re8, B299(1973.
Thompson, H. Ott, S.B. Oseroff, R.G. Goodrich, and R. Zysler,*?A. Van Esch, L. Van Bockstal, J. De Boeck, G. Verbanck, A.S.

Nature(London 397, 412(1999. van Steenbergen, P.J. Wellmann, B. Grietens, R. Bogaerts, F.
19G.A. Medvedkin, T. Ishibashi, T. Nishi, K. Hayata, Y. Hasegawa, Herlach, and G. Borghs, Phys. Rev.5B, 13 103(1997.
and K. Sato, Jpn. J. Appl. Phy39, L949 (2000. 43Y. lye, A. Oiwa, A. Endo, S. Katsumoto, F. Matsukura, A. Shen,

20y, Matsumoto, M. Murakami, T. Shono, T. Hasegawa, T. Fuku- H. Ohno, and H. Munekata, Mater. Sci. Eng.BB3, 88(1999.
mura, M. Kawasaki, P. Ahmet, T. Chikyow, S. Koshihara, and H.44]. Langer and H. Heinrich, Phys. Rev. L&, 1414(1985.

Koinuma, Scienc&91, 854 (2001). 45D.C. Look, D.C. Walters, M.O. Manasreh, J.R. Sizelove, C.E.
21K, Ueda, H. Tabata, and T. Kawai, Appl. Phys. LetB, 988 Stutz, and K.R. Evans, Phys. Rev.4R, 3578(1990.
(2009). 46B. |. Shklovskii and A. L. EfrosElectronic Properties of Doped

22M.L. Reed, N.A. El-Masry, H.H. Stadelmaier, M.K. Ritums, M.J. SemiconductorsSpringer Series in Solid-State Sciences Vol. 45
Reed, C.A. Parker, J.C. Roberts, and S.M. Bedair, Appl. Phys. (Springer-Verlag, New York, 1984
Lett. 79, 3473(2001). 4’TM. Fatemi, B. Tadayon, M.E. Twigg, and H.B. Dietrich, Phys.
2T, Sasaki, S. Sonoda, Y. Yamamoto, K. Suga, S. Shimizu, K. Rev. B48, 8911(1993.

115204-7



